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Abstract

Several large (M > 6) earthquakes have occurred in the vicinity of Anchorage, Alaska, within the
past century. The presence of the underlying subducting Pacific plate makes it difficult to determine
the origin of these older earthquakes as either crustal, slab, or the subduction plate interface. We
perform a seismological study of historical and modern earthquakes witin the Cook Inlet and
Susitna region, west of Anchorage. We first estimate hypocenters for historical large earthquakes
in order to assess the likelihood as crustal, slab, or plate interface. We then examine modern crustal
seismicity to better understand the style of faulting and the location of active structures, including
within (and beneath) Cook Inlet and Susitna basins. We perform double-couple moment tensor
inversions using high frequency body waves (1-10 Hz) for small to moderate (M > 2.5) crustal
earthquakes (depth < 30 km) occurring from 2007 to 2017. Our misfit function combines both
waveforms differences as well as first-motion polarities in order to obtain reliable moment tensor
solutions. Three focus regions—Beluga, upper Cook Inlet, and Susitna—exhibit predominantly
thrust mechanisms for crustal earthquakes, indicating an overall compressive regime within the
crust that is approximately consistent with the direction of plate convergence. Mechanisms within
upper Cook Inlet have strike directions aligned with active anticlines previously identified in Cook
Inlet from active-source seismic data. Our catalog of moment tensors is helpful for identifying and
characterizing subsurface faults from seismic lineaments and from faults inferred from subsurface
images from active-source seismic data.

1 Introduction

The active tectonics of south-central Alaska is governed primarily by the northwestern sub-
duction of the Pacific plate beneath the North America plate (Figure 1). The setting is one of
the most seismically active regions in the world, having produced the My 9.2 1964 earthquake. It
includes pervasive earthquakes in the slab, down to depths of 200 km, as well as crustal seismicity
spanning a broad zone of intraplate deformation (Figure 2) (Page et al., 1991; Bird, 2003). Many
of the earthquakes—both large and small—are not clearly associated with any geologically mapped
active faults. With improved locations of earthquakes and improved characterization of the style
of faulting from these earthquakes, we can better assess the active faults in the region. Here we
perform a seismological study of a tectonically complex region of south-central Alaska to improve
our understanding of active tectonics and seismic hazards in the region.

The Pacific plate subducts to the northwest under south-central Alaska (Figure la). Attached
to the Pacific plate to the east is the Yakutat microplate, identified as an oceanic plateau that
is colliding and subducting beneath Alaska (Plafker et al., 1978; Eberhart-Phillips et al., 2006;
Christeson et al., 2010). The subducting Pacific/Yakutat plate is interpreted to be responsible for
the extremely shallow angle of subduction (< 5°), far inland, as well as for the lack of volcanism
Eberhart-Phillips et al. (2006); Rondenay et al. (2010).

We focus on the Cook Inlet and Susitna region, which spans the western margin of the Pa-
cific/Yakutat plate (Figure 1a). The region, outlined in Figure 1, contains several notable tectonic
elements. The subduction interface (Li et al., 2013) exhibits a clear kink from a westward-dipping
slab to a northwestern-dipping slab (Ratchkovski and Hansen, 2002) (Figure la). The interface
ranges from a depth of 40 km in the southeast, beneath the Kenai peninsula, to a depth of 100 km
in the northwest, beneath the Alaska Range. The southeast corner also marks the approximate
downdip extent of the 1964 M, 9.2 earthquake (Davies et al., 1981; Ichinose et al., 2007). Slow



slip and tectonic tremor have been identified on the deeper sections of the interface, from about
40 km to 80 km (Ohta et al., 2006; Wei et al., 2012; Fu and Freymueller, 2013; Li et al., 2016).
The crustal thickness inferred from receiver functions is ~30 km in the northern region ( Veenstra
et al., 2006), implying that these deeper slow slip events would arise from contact with subcrustal
mantle.

The dynamics of underlying subduction provide context for characterizing crustal structures
and crustal earthquakes, which are the target of this study. Within the Cook Inlet and Susitna
region are two mapped active faults: the Castle Mountain fault and the Pass Creek fault. The
Pass Creek fault is a normal fault extending 40 km (Haeussler et al., 2017). The Susitna section
of the Castle Mountain fault is >120 km and is part of a 500-km-long fault system extending to
Lake Clark in the southwest and into the Talkeetna mountains to the northeast (Koehler et al.,
2012). Physiographically the Cook Inlet and Susitna region is marked by the presence of two major
sedimentary basins: the Cook Inlet basin south of the Castle Mountain fault, and the Susitna basin
north of the fault (Figure 1b)). These basins are surrounded by mountains: Talkeetna mountains
to the east, Alaska Range to the northwest, Tordrillo mountains to the west, and Kenai mountains
to the south. Additional faults and folds have been identified within 3D active-source seismic data
in Cook Inlet and Susitna basins (Bruhn and Haeussler, 2006; Lewis et al., 2015; Haeussler et al.,
2017).

We conduct a seismological study that spans three different methods and three sets of earth-
quakes in the Cook Inlet and Susitna region. First, in Section 2 we estimate the hypocenters of the
largest earthquakes (M, > 5.8) that have occurred since the start of the instrumental era in 1904
(Gutenberg and Richter, 1954). We use globally recorded arrival times of P and S waves, in addition
to traveltime predictions in a spherically symmetric Earth model, within a probabilistic inversion
for hypocenter and origin time. Second, in Section 3 we use P waveforms and first-motion polarities
to estimate focal mechanisms for crustal earthquakesMy, > 2.5. This procedure is challenging on
account of the lack of large earthquakes that are available. Third, we relocate seismicity (M > 1.5,
1990-2017) using arrival time data and a double-difference relocation algorithm ( Waldhauser and
Ellsworth, 2000). The results from these three analyses reveal a predominance of thrust faulting
in the crust, consistent with structural inferences from subsurface images, but differing from the
strike-slip mechanisms previously estimated from large historical earthquakes. Widespread seis-
micity and different styles of faulting provide challenges for characterizing different scenarios for
future large earthquakes in this region.

2 Hypocenter estimation of historical earthquakes

At least 12 major events (M, > 5.8) have been originated in the Cook Inlet and Susitna region
since the start of instrumental era in 1904. For larger earthquakes we use the Global Centroid
Moment Tensor (GCMT) catalog (Dziewonski et al., 1981; Ekstrom et al., 2012) for events since
1976 and the ISC-GEM catalog (Storchak et al., 2013; International Seismological Centre, 2018) for
events before 1976. The ISC-GEM catalog provides relocated hypocenters (Engdahl et al., 1998;
Bonddr and Storchak, 2011) and magnitude estimates (Giacomo et al., 2015). In recent years,
it has expanded its coverage of historical earthquakes to lower magnitudes. Doser and colleagues
have estimated hypocenters, magnitudes, and mechanisms for many historical earthquakes in south-
central Alaska (Doser, 2006, 2005; Doser and Brown, 2001; Flores and Doser, 2005).

We use a nonlinear probabilistic approach to estimate the hypocenters of the 11 pre-1976 earth-



quakes My, > 5.8 in the region. The code, NonLinLoc, uses an efficient global sampling algorithm to
obtain an estimate of the probability density function (pdf) in 3D space for the hypocenter location.
The pdf (and the likelihood) is computed using the misfit between the observed and theoretical
arrival times for teleseismic stations. Theoretical travel times are computed for spherical earth with
ak135 velocity model (Kennett et al., 1995) using TauPToolkit Crotwell et al. (1999). Recorded
arrival times are obtained from the International Seismological Centre (International Seismological
Centre, 2015).

Our full results for all 11 historical earthquakes are presented in Lomaz et al. (2018); next we
highlight three of the largest earthquakes.

2.1 The 1933, 1943, and 1954 earthquakes

We present results from three M, > 6 earthquakes in the Cook Inlet and Susitna region:
1933-04-27 My, 6.8, 1943-11-03 M,, 7.3, and 1954-10-03 M, 6.4. These earthquakes were widely
felt across south-central Alaska, including Kodiak, and at least as far north as Fairbanks, which is
about 400 km from the epicenters.

The seismicity cross sections in Figure 2b-c provide context for these three earthquakes. The
plots show our maximum likelihood (MLL) hypocenters for the three earthquakes in the context of
modern seismicity and estimated subsurface interfaces (subduction and Moho). From these results
alone, it appears that the 1933 and 1943 earthquakes are crustal, while the 1954 earthquake was
likely intraslab, though we cannot rule out the subduction interface as a possibility.

Station coverage and traveltime residuals for our MLL hypocenters (and origin times) are shown
in Lomax et al. (2018). Figure 3 shows our posterior epicenters for the three earthquakes. These
‘clouds’ are approximately 30 km by 40 km and convey the uncertainty associated with the epicenter
estimation. For each posterior hypocenter we calculate its vertical distance to the subduction
interface, and these differences are then plotted as histograms in the bottom row of Figure 4.
These distributions provide critical uncertainties for the interpretation of the earthquakes as crustal,
subduction interface, or intraslab. For example, Figure 4c¢ (bottom) makes the case for the 1954
earthquake as intraslab. (However, note that we do not have uncertainties for the subduction
geometry models, including the one we have chosen to use (Li et al., 2013)).

3 Moment tensor inversions for modern crustal earthquakes

We examine three catalogs of moment tensors: (a) Doser and Brown (2001): large My > 6
historical (pre-1964) earthquakes; (b) the GCMT catalog (Dziewonski et al., 1981; Ekstrom et al.,
2012): post-1976 earthquakes, predominantly My, > 5.3; (c) crustal earthquakes from the Alaska
Earthquake Center fault-plane catalog: predominantly M; > 3. Within the Cook Inlet and Susitna
region, we see two historical crustal earthquakes (1933, 1943) and virtually no crustal earthquakes
since 1976 (GCMT). Focal mechanisms for crustal earthquakes since 1990 are available from Alaska
Earthquake Center. The mechanisms are estimated from first-motion polarities, and they vary
widely across the region. Our primary motivation was to use enhanced methods, including wave-
forms, and enhanced station coverage from the past decade, to estimate moment tensors.

3.1 Event selection for moment tensor inversions

We consider earthquakes in the Cook Inlet and Susitna region shallower than 30 km and oc-
curring between 2007-08-15 and 2017-01-01. From the spatial distribution of crustal seismicity, we
identified three subregions to select events for moment tensor inversions: Beluga region, Upper Cook



Inlet region, and Susitna region (Table 1). The time period of event selection, 2007—2017, spans
two seismic experiments in the region: MOOS (2007-2009) (Li et al., 2013; Abers and Christensen,
2006) and SALMON (2015-2017) (Tape et al., 2017, 2015) and also includes new stations from the
EarthScope Transportable Array (TA) in Alaska (2014-2019). Station coverage is a primary factor
on the reliability of our moment tensor solutions. Events in 2010, following the end of MOOS, have
poor station coverage. Events starting in 2015 have the best coverage due to SALMON and TA
networks.

We selected 53 events for moment tensor inversions: 9 from the Beluga region, 22 from the Upper
Cook Inlet region, and 22 from the Susitna region. Hypocenters and origin times were obtained from
the AEC catalog. These were fixed for the moment tensor inversions. Analyst-reviewed P arrival
times and polarities were used for stations in the permanent network. For stations in temporary
networks (MOOS, SALMON), we picked the P arrival times and assigned polarities.

3.2 Moment tensor inversion method

We use the ‘cut-and-paste’ approach to estimate moment tensors for earthquakes (Zhao and
Helmberger, 1994; Zhu and Helmberger, 1996; Zhu and Rivera, 2002). In this approach, each
three-component seismogram is cut into two body wave windows and three surface wave windows.
Different bandpass filters are applied to the body waves and surface waves. The same procedures
are applied to synthetic seismograms, which are then quantifiably compared with the recorded
seismograms, via a misfit function. As demonstrated in Silwal and Tape (2016), the choices within
the misfit function can have a significant impact on the estimated best-fitting moment tensor. Our
previous studies (Silwal and Tape, 2016; Alvizuri and Tape, 2016) employed a simplified treatment
of first-motion polarities that is generalized here.

3.3 Results

Figure 5 shows our estimated moment tensors for all 53 earthquakes spanning the three regions
(Table 1). All three regions exhibit predominantly thrust-fault mechanisms. This includes several
events within the epicentral region of the 1933 and 1943 crustal earthquakes (Figure 3). Inter-
estingly, the previously published mechanisms for these two earthquakes indicate strike-slip (not
thrust) faulting. Multiple explanations could be invoked to explain this discrepancy.

4 Project status

All seismological analyses for the project—including double-difference relocation of hypocenters
(Figure 6)—have been completed. We are currently interpreting our results in the context of
previous geological and seismological studies. Our intent is to submit a manuscript soon (Silwal
et al., 2018).

Publications from this work
1. Silwal and Tape (2017): Presentation at 2017 EarthScope meeting
2. Lomaz et al. (2018): Catalog and results for hypocenters of historical earthquakes
3. Silwal (2018): Catalog and results for mechanisms of modern crustal earthquakes

4. Silwal et al. (2018): Manuscript in preparation for Tectonophysics
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Table 1: Earthquake selection for three target subregions and for the full region. N, is the number of
earthquakes analyzed in each region for a particular method.

longitude latitude max min date
Region min max min  max | method N, | depth | mag | range
) ) ¢) O (km)
Beluga region -151.50 -151.10 | 61.25 61.90 | moment 9 30 M;2.5 | 2007-08-15
tensor 2017-01-01
Upper Cook Inlet | -151.50 -150.60 | 60.60 61.25 | moment 22 30 M;2.5 | 2007-08-15
region tensor 2017-01-01
Susitna region -151.10  -149.90 | 61.50 62.50 | moment 22 30 M; 3.0 | 2007-08-15
tensor 2017-01-01
Cook Inlet and | -151.75 -149.50 | 60.50 62.50 | historical | 12 200 | My 5.8 | 1904-01-01
Susitna region 2017-01-01
-152.00 -149.00 | 60.50 62.50 | double 5726 30 M;1.5 | 1990-01-01
differ- 2017-01-01
ence

10
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Figure 1: (a) Active tectonic setting of the Aleutian—Alaskan subduction zone, south-central Alaska. The
rectangle in the middle shows the main study region. Cyan arrows shows the plate vectors for the subducting
Pacific plate (PA) under the North American plate (NA) (Bird, 2003). Magenta curves are the 40 km, 60 km,
80 km, and 100 km contours of the top of the Pacific plate (Li et al., 2013). Yellow bounded region denotes
the surface and subsurface extent of the Yakutat block (YK) (Eberhart-Phillips et al., 2006). Red triangles
represent active volcanoes. Black dashed lines are inferred slows slip from various sources (Ohta et al., 2006;
Wei et al., 2012; Fu and Freymueller, 2013; Li et al., 2016). Also marked is the aftershock zone of the 1964
M,, 9.2 earthquake. Labeled cities: Anchorage (A) and Fairbanks (F). (b) Physiographic map of the Cook
Inlet and Susitna region, south-central Alaska. Active faults are plotted in red and include Castle Mountain,
Pass Creek (PCF) and the western Denali fault (WDF) at upper left (Koehler et al., 2012). Other active
faults (Haeussler et al., 2017) and folds (Koehler et al., 2012) are marked in black. Sedimentary basins are
labeled: Cook Inlet, Susitna, Yentna, and Beluga. Cook Inlet basin underlies Cook Inlet and the western
Kenai peninsula (Shellenbaum et al., 2010). Black dashed lines are the boundaries of Susitna basin from
Kirschner (1988).
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Figure 2: Seismicity in south-central Alaska. (a) Alaska Earthquake Center (AEC) catalog: M,, > 2,
1990-01-01 to 2017-01-01, colored by depth. The box, containing Anchorage (A), is the focus region of this
study; the two profiles are shown in (b) and (¢). The red lines are the active faults from Koehler et al. (2012).
The blue line is the lateral extent of slab seismicity, digitized from the full AEC catalog. (b) S-N cross-
section of (a) along the longitude line of —150.75°. Seismicity within 20 km of the profile is shown. Three
large earthquakes of interest are projected onto the profile: 1933 M, 6.78, 1943 M, 7.34, and 1954 My, 6.36;
the hypocenters are estimated from NonLinLoc. Geometric boundaries shown are the plate interface (Li
et al., 2013), the Moho (Wang and Tape, 2014), and topography (Amante and Fakins, 2009) exaggerated
by a factor of 20. (¢) SE-NW cross-section of (a) between Anchorage (z = 0 km) and the 1943 earthquake.

12



f '*""f (v
' i MA. ;
62° fy
(7 it s
f : 48 " II!
li" ,{ / '\«‘ A
| 3 "
A (\a e
! [
s @,&5\\ g ni Ot ot
wiT
L] L] )
¥ : Anchorage 14 1/
/| 5 '
° f 983 . :
61 : )
1 /" r i ] ‘;?
0 N l" .J
4 el osa
f‘" .r"l ; I
60° A —
n#
] LV A
4
’ | p—
;;n 50 km 7
1 T | T T | T
-153° -152° -151° -150° -149° -148

Figure 3: Estimated epicenters for the 1933, 1943 and 1954 earthquakes. Each cloud of colored dots
represents the posterior epicenters, which are centered on a maximum likelihood epicenter (star). Other
stars show epicenter estimates from other studies (Engdahl and Villasenor, 2002; Doser and Brown, 2001;
Gutenberg and Richter, 1954; Storchak et al., 2013). See Figure 4 for information regarding the depths of
the posterior samples relative to the underlying subduction interface. Also shown are active faults and folds
(Koehler et al., 2012; Haeussler et al., 2017) and contours of the top of the subducting Pacific plate (40 km,
60 km, 80 km, 100 km) (Li et al., 2013). The beachballs show three focal mechanisms estimated from Doser
and Brown (2001) and one (1954) from Wickens and Hodgson (1967).
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Figure 4: Estimated depth to slab for three historical earthquakes. Each hypocentral estimation using
NonLinLoc provides a cloud of posterior hypocenters; see Figure 3 for a map view. For each posterior
hypocenter we evaluate the vertical distance to the subduction interface models of Jadamec and Billen
(2010) (cyan), Hayes et al. (2012) (blue), and Li et al. (2013) (black). (a) 1933-04-27 M, 6.8 earthquake.
(top) Distribution of depths of modern microseismicity (M > 0, 2000-2018) whose epicenters are within a
40 km of the ISC-GEM epicenter. (middle) Distribution of depths of posterior hypocenters. Also shown are
our maximum-likelihood estimate from NonLinLoc (magenta) and the depth estimates, with uncertainties,
from ISC-GEM (Storchak et al., 2013) (red) and DB2001 (Doser and Brown, 2001) (green). (bottom)
Distribution of vertical distances between our posterior hypocenters and the underlying subduction interface
from Li et al. (2013). Distributions to the left favor a crustal interpretation for the earthquake; distributions
to the right favor an intraslab interpretation. (b) 1943-11-03 M, 7.3 earthquake. (c) 1954-10-03 M, 6.4
earthquake.
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(a) Beluga region (b) Upper Cook Inlet region
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Figure 5: Our double couple moment tensor solutions for crustal earthquakes (depth < 30 km) between
2007-08-15 and 2017-01-01 in three focus regions (Table 1). Beachballs size is scaled by earthquake magni-
tude, and colored by depth. Also shown are relocated seismicity (Figure 6) and previously published epi-
centers for the 1933 and 1943 earthquakes, plotted as stars. In the inset map, the smaller (inner) bounded
reigon represents the subregion and the outer bounds represents the full study region. (a) My > 2.5 in the
Upper Cook Inlet region. (b) My, > 2.5 in the Beluga region. (¢) My, > 3.0 in the Susitna region.
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(a) Initial hypocenters
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Figure 6: Relocation of hypocenters using a double-difference approach. The crustal earthquakes considered
have depth < 30 km, M,, > 1.5, and occurred between 1990-01-01 and 2017-01-01.
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